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INTRODUCTION
Before 1979, the genus Leptospira contained two valid species, Leptospira interrogans and Leptospira bgexa. L. interrogans contained 23 serogroups whose strains were either parasitic or pathogenic for humans or animals (Johnson & Faine, 1984; Kmety & Dikken, 1993) . L. bzyexa contained 28 serogroups whose strains were usually found in fresh surface waters or moist soil and were rarely isolated from man or animals (Johnson & Faine, 1984; Kmety & Dikken, 1988) .
As early as 1969, DNA relatedness studies on lepto-spires indicated that the 15 pathogenic and nonpathogenic serovars tested were contained in six DNA relatedness groups (Haapala et al., 1969; Brendle et al., 1974) . Despite this finding of heterogeneity within both L. interrogans and L . biJEexa, additional species were not proposed. In 1979, Hovind-Hougen proposed the new family Leptospiraceae, which comprised the genus Leptospira and the new genus Leptonema, with its single species, Leptonema illini (Hovind-Hougen, 1979) , and in 198 1, Hovind-Hougen and colleagues described a third Leptospira species, Leptospira parva (Hovind-Hougen et al., 1981) . In 1992, the Subcommittee on the taxonomy of Leptospira decided that L .
The purpose of the present study was to further survey strains of leptospire serovars in order to properly speciate them and to better determine the species-level specificity of serogroups and serovars.
METHODS
The nomenclature of serogroups and serovars generally follows that of Kmety & Dikken (1988 . Serovars not included in the list of Kmety & Dikken are shown in bold type in Table 1 . The methods used in this study for the cultivation of Leptospiraceae, for their biochemical characterization and for the determination of their DNA relatedness are essentially identical to those reported previously (Yasuda et al., 1987) . These methods are summarized below.
Bacterial strains. Three-hundred-and-three strains were studied (Table 1) . These organisms include representatives from 30 named and one or more unnamed serogroups in the genera Leptospira and Leptonema (Table 1) . It has been the practice among leptospirologists to italicize serovars. We have not italicized taxa below the level of species. The term leptospires is used to refer to any members of the family Lep tospiraceae. DNA relatedness. Strains were grown at 30 "C in polysorbate albumin medium and harvested by centrifugation during late-logarithmic or stationary growth. DNA was isolated and purified as previously described (Brenner et al., 1982) . DNA was labelled in vitro with [32P]dCTP (Brenner et al., 1982) . DNA relatedness and percentage divergence within related sequences were determined by the hydroxyapatite method, with 55 "C incubation used for optimal DNA reassociation and 70 "C incubation used for stringent DNA reassociation (Brenner et al., 1982) . Percentage divergence within related DNA sequences was determined to the nearest G + C content of DNA. The G + C content (mol%) was 0.5 Yo. determined for DNAs from type strains of each of the five new genomospecies by the thermal denaturation method (Mandel et al., 1970) .
Phenotypic characteristics. The following tests, as previously described, were performed on strains incubated at 30 "C (unless stated otherwise) on polysorbate albumin medium : growth at 11,30 and 37 "C; growth in the presence of 225 pg 8-azoguanine ml-l or in the presence of 10 pg 2,6-diaminopurine ml-'; growth at 30 "C in the presence of varying concentrations (25, 50, 100, 1000 and 10000 pg ml-l) copper sulfate ; and the presence of lipase (trioleinase) activity. Growth was measured by visual inspection for turbidity after 7, 14, 21 and 28 d incubation.
RESULTS AND DISCUSSION
The 303 leptospire strains in this study represent 268 serovars in 30 named serogroups (Table 1) . Fourteen strains were in new, thus far undesignated serogroups. As defined in a previous study (Brenner et al., 1993) , the term genomospecies is used to indicate a species determined on the basis of genetic methods. Genomospecies corresponds to a DNA relatedness group. It is convenient to use genomospecies for unnamed species until they have been formally described. DNA hybridization comparisons divided the 303 strains studied into 17 DNA relatedness groups, each of which corresponds to the genetic designation of a species as ' strains with approximately 70 YO or greater DNA-DNA relatedness and with 5 "C or less ATm+ Both values must be considered. ' (Wayne et al., 1987) . In our laboratory, we have long used DNA relatedness at a stringent reassociation temperature (70 "C in the present study) as a third criterion for speciation, or for differentiating between species (Brenner, 1991) . At the stringent criterion, strains of a single species are 60 YO or more related, whereas strains from different species exhibit significantly less relatedness as shown in our previous study (Yasuda et al., 1987) and in Tables 2  and 3 of the present study. The DNA relatedness results shown in Tables 2 and 3 illustrate the use of 70 "C relatedness values as a rapid screening method to either include or exclude strains from any given species. For example, a large number of strains exhibiting 69-100 YO relatedness in 70 "C reactions to labelled DNA from L. interrogans serovar icterohaemorrhagiae were included in this species without testing for relatedness at 60 "C or for divergence (Table  2) . Similarly, relatedness values of less than 50% obtained at 70 "C were considered sufficient to differentiate between species. DNA relatedness results for 44 of the serovars included in this study were previously reported by Yasuda et al. (1987) . Some of these were retested and others were not. Data from the Yasuda et al. (1 987) study are indicated as explained in Table 2 .
The largest number of strains (91 strains representing 82 different serovars) were in L. interrogans (Tables 1  and 2 ). Other species containing large numbers of strains were L. santarosai (65 strains from 59 serovars), L. borgpetersenii (49 strains from 43 serovars), L. Blank spaces indicate that data are not available. Serovars given in bold type are not included in the list of Kmety & Dikken (1988 . decrease in the thermal stability of a heterologous DNA duplex compared with that of the homologous duplex was caused by 1 % of the bases within the duplex that were unpaired. Values shown in bold type were taken from our previous study (Yasuda et al., 1987) . For example, in the reaction between serovar icterohaemorrhagiae RGA and serovar djasiman, the 55 "C value was obtained from the first study and the 70 "C value was obtained in the present study. For serovars where more than one strain was studied, the strain names are given in parentheses. 3 Results obtained using labelled DNA from serovar Anhoa.
(1 Results obtained using labelled DNA from serovar Tonkini.
7 Results obtained using labelled DNA from serovar Ndambari.
kirschneri (29 strains from 26 serovars) and L . noguchii (20 strains from 20 serovars). The remaining 49 strains each represented a different serovar. Those that belonged to named species were : L. weilii, 15 strains; L. inadai, 10 strains, L. meyeri, five strains; Leptonema illini, three strains ; L. biJexa, two strains, L. wolbachii, two strains; and L. parva, one strain. Eleven strains belonged to previously unidentified species, which we designated Leptospira genomospecies 1-5. Two strains were in Leptospira genomospecies 1, six strains were in Leptospira genomospecies 2 and one strain was in each of Leptospira genomospecies 3 , 4 and 5.
L. parva and Leptospira genomospecies 3, 4 and 5 contained a single strain that showed less than specieslevel relatedness to the type strain of all other species. The remaining named species, as well as Leptospira genomospecies 1 and 2, contained two or more strains (see exceptions below) that fulfil the molecular definition of a species: 70% relatedness at optimal DNA renaturation temperature (55 "C in these studies) and whose related sequences exhibit 5 % or less divergence [on the assumption that each 1 "C of decreased thermal stability of a heterologous DNA duplex compared with that of the homologous DNA duplex is caused by approximately 1 % unpaired bases (Wayne et al., 1987) l. In our laboratory, we included the additional parameter that strains of the same species exhibit 60% or greater relatedness at a stringent DNA renaturation temperature (70 "C in this study). DNA relatedness determined at the 70 "C temperature was used as the sole criterion for including 112 of the 303 strains in a given species. Partial or complete data from our previous study (Yasuda et al., 1987) was used for 31 strains, as indicated by the bold numbers in Table 1 . Of the 299 strains included in species containing two or more strains, all but four strains showed relatedness and divergence values within the limits of the species definition. The exceptions were : strain 87-029496, which was 69 YO related to the type strain of L. santarosai at 55 "C with 1.0 Y divergence and was 72 YO related to it at 70 "C;
strain Oregon of serovar szwajizak, which was 71 YO related to the type strain of L. santarosai at 55 "C with 1.0 YO divergence and was 53 YO related to it at 70 "C; strain 690 1 of serovar nanding, which was 69 YO related to the type strain of Leptospira genomospecies 2 at 55 "C with 1-0 YO divergence and was 81 % related to it at 70 "C; and strain A-10 of serovar yunnan, which was 66% related to the type strain of Leptospira genomospecies 2 at 55 "C with 1.5% divergence and was 60% related to it at 70 "C.
By definition, the type strain of every species must exhibit less than species-level relatedness to the type strain (and any other strain tested) of every other species. DNA relatedness ranges between species are shown in Table 3 . In these comparisons, labelled DNAs from type and reference strains of each named species and genomospecies were reacted with unlabelled DNAs from the same and different species (see Table 3 ). Relatedness between a number of species pairs is close, but in all cases, the levels of relatedness observed within strains of a species are substantially (2) 5
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higher than those observed between species. In no case do strains not included in a given species fulfil more than one of the three criteria used here for the molecular definition of a species (70 % or greater relatedness at 55 "C, 5 YO or less divergence within related sequences and 60% or greater relatedness at 70 "C). Examples (1) 5 7
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(1) 45 (1) 10.5 (1) Leptospira genomospecies 2, L. weilii and L. borgpetersenii, and L. wolbachii and Leptospira genomospecies 3.
The results of this study confirmed and extended our previous finding (Yasuda et al., 1987) and that of Ramadass et al.
(1 992) of species heterogeneity among serovars of a given serogroup. Of a total of 24 serogroups, in which two or more serovars were tested, only the seven strains in serogroup Ballum were confined to a single species (Table 4 ). All other serogroups in which more than one serovar were tested were identified in from two to six species. Similarly, all species containing more than one serovar contained serovars belonging to two to seventeen serogroups (Table 4 ). Species heterogeneity was also found when multiple strains of a single serovar were tested ( Table  5 ). Two to six strains from each of 20 serovars were tested. In only eight of these did all strains belong to the same species. It is therefore not possible to determine the species of any serogroup or serovar without specifically identifying the strain. L. interrogans; 2, L. santarosai; 3, L. borgpetersenii; 4, L. kirschneri; 5, L. noguchii; 6, L. weilii; 7, L. inadai; 8, L. meyeri; 9, Leptonema illini; 10, L. wolbachii; 11, L. bijlexa; 12, L. parva; 13 Our previous study indicated that the biochemical tests used to differentiate L. interrogans sensu lato from L. bzjlexa sensu lato were of no value in differentiating the then 11 species of Leptospiraceae (Yasuda et al., 1987) . This remains true for L. kirschneri, described by Ramadass et al. (1992) , and for the five new Leptospira genomospecies identified in the present study. Results of phenotypic characterization of 1 19 strains are presented in Table 6 . Only one of six L. inadai strains grew at 11 "C and only four of the 119 strains grew well at 37 "C. Although all leptospires grow slowly, all strains grew well at 30 "C. Strains of L. inadai, L. bzjlexa and L. wolbachii were variable for growth in the presence of the inhibitory compound 8-azaguanine. L. meyeri (two strains tested) and single strains of L . parva, Leptonema illini and Leptospira genomospecies 4 and 5 grew in the presence of 8-azaguanine ; strains of all other species did not grow. Only L. meyeri (two strains) grew in the presence of the inhibitor 2,6-diaminopurine. Strains of L. interrogans, L. santarosai, L. borgpetersenii, L. noguchii, L. weilii, L. inadai Our findings, although quite preliminary, suggest that the geographic distribution of species is not totally random. There are eight species in which we have identified six or more strains (Table 1 ). The six strains of Leptospira genomospecies 2 were all isolated in China. All but three of the 65 strains of L. santarosai were from North and South America, as were all but two of the 20 strains of L. noguchii. Nearly half of the 91 L. interrogans strains were isolated from countries in Oceania, representing more than 70% of the total isolates from this area. Additional study is needed to determine whether other factors are responsible for this restricted distribution. Thus far, all 37 African Leptospira strains characterized by DNA hybridization in this study or in the studies of Feresu belonged to either L, kirschneri or L. santarosai (Table  1 ; Feresu et al., 1993 Feresu et al., , 1994 Feresu et al., , 1995 Feresu et al., , 1996 Feresu et al., , 1998 Feresu et al., , 1999 . While these observations are intriguing, additional studies with substantially more strains are necessary to determine their accuracy.
The study of Yasuda et al. (1987) on speciation of leptospires was extended by Ramadass et al. (1992) who used slot-blot hybridization. They described the new species, L. kirschneri, with serovar cynopteri strain 3522C as its type strain. In the present study, all serovars used by Ramadass et al. (1992) were examined, except for serovar sumatrana, which they identified as L. interrogans and serovar Vietnam, which they identified as L. borgpetersenii. Ramadass et al. (1 992) did not speciate strains from nine serovars. One of these, serovar nicaragua strain 101 1, was 100 % related to L. noguchii according to their data, and we identified it as L . noguchii. Six strains, serovar atchafalaya strain LSU 101 3, serovar borincana strain HS 622, serovar bravo strain Bravo, serovar gatuni strain 1473K, serovar luis strain M 6 and serovar rama strain 3 16, were identified by us as L. santarosai. Four of these gave high, but less than species-level relatedness to L. santarosai in the Ramadass et al. (1992) study. Serovar ballum strain Mus 127, which was most highly related to L. borgpetersenii in their study, was identified as L. borgpetersenii in our study and that of Yasuda et al. (1987) . Serovar szwajizak strain Szwajizak, which was not highly related to any species in their study, was identified as L. interrogans in our study.
Of the 55 other strains identified in the study of Ramadass et al. (1 992) , their identification of seven strains differed from that obtained in either the present study and/or the study of Yasuda et al. (1987) . They identified serovar atlantae strain LT 81 as L. interrogans, whereas it was identified as L. santarosai by Yasuda et al. (1987) and in our study. We have no explanation for this discrepancy. Ramadass et al.
(1 992) identified serovar grippotyphosa strain Moskva V as L. kirschneri. This strain was reported as L. interrogans by Yasuda et al. (1987) . We confirm its identification as L. kirschneri. This discrepancy resulted from a strain designation error by Yasuda et al. (1987) . They used serovar grippotyphosa strain Andaman, which is L. interrogans, but mistakenly reported it as strain grippotyphosa, which is L . kirschneri. Another inconsistency, due to an apparent strain designation error, is responsible for a discrepancy in the identification of serovar saxkoebing. Ramadass et al. (1992) reported its reference strain as M 84 and identified it as L. borgpetersenii, whereas Yasuda et al. (1987) and in our study, serovar saxkoebing was identified as L. interrogans. M 84 is the reference strain for serovar sejroe, not serovar saxkoebing, and serovar sejroe is L. borgpetersenii.
We have not resolved the four remaining inconsistencies. Ramadass et al. (1 992) identified serovar dania strain K l as L. kirschneri; we identified it as L. santarosai. They identified serovar muenchen strain Munchen C 90 as L. noguchii; we identified it as L. santarosai. They identified serovar tunis strain P2/65 as L. santarosai; we identified it as L. borgpetersenii. They identified serovar worsfoldi strain Worsfold as L. weilii; we identified it as L. borgpetersenii.
Of the pairs of species involved in these discrepancies, only L. weilii and L. borgpetersenii pose any difficulty in differentiation if divergence of related sequences and relatedness at a stringent DNA reassociation (70 "C) are not done. Despite the substantial methodological differences in our study and that of Ramadass et al. (1992) (they used slot-blot hybridization only at 60 "C), it is doubtful that differences in hybridization methodology are responsible for the discrepancies.
The taxonomic DNA hybridization methods used in this study require the growth of leptospires in substantial quantity and the use of a radioactive isotope. These requirements limit the utility of these methods to very few laboratories and even then are not suited for routine use in speciation. In recent years, several molecular approaches have been developed for the identification of leptospires at the species and serovar level. These include whole chromosome restriction endonuclease patterns, PCR amplification of 23s rDNA and artibrarily primed DNA fingerprinting (Marshall et al., 1981; Feresu et al., 1994 Feresu et al., , 1995 Corney et al., 1997; Woo et al., 1997) . Where compared, the results obtained using these methods are comparable to those obtained using DNA hybridization. These methods are significantly less resource-intensive and, therefore, more widely applicable. The findings presented in the present study should provide a molecular taxonomic framework for the continued development and application of these new identification approaches.
The five new Leptospira genomospecies identified in this study are described below. Only one of these, Leptospira genomospecies 2, is formally named, because the other genomospecies presently contain only one or two strains.
Description of f eptospira alexanderi sp. nov. (f eptospira genomospecies 2)
Leptospira alexanderi (a.1ex.an'der.i. N.L. gen. n. alexanderi to honour Aaron D. Alexander, an IP: 54.70.40.11
On: Mon, 03 Dec 2018 09:24:14 DNA relatedness in leptospires American microbiologist who has devoted more than 40 years to the study of leptospires). The first leptospiral DNA hybridization studies that were conducted in Professor Alexander's laboratory in 1969 and 1974 (Haapala et al., 1969 Brendle et al., 1974) inspired the study of Yasuda et al. (1987) and the present study. Cells are Gram-negative, flexible and helical. Motile by means of two flagella (axial fibriles). Obligately aerobic and oxidase-positive. NaCl is not required for growth. No growth at 11 or 37 "C. Growth is inhibited by 8-azaguanine (225 pg ml-l) and 2,6-diaminopurine (10 pg ml-l). Growth in the presence of copper sulfate (100 p.p.m.) and production of lipase are variable. It contains serovars from serogroup Manhao (serovar lushui and manhao 3), Hebdomadis (serovar manzhuang and nanding), Javanica (serovar mengla) and Mini (serovar yunnan). DNA G + C content is 38.0 mol %. All strains isolated to date are from China. The type strain, L 60T (= ATCC 700520T; serovar manhao 3) was isolated in China from an unknown source. DNA relatedness among the strains in the species and their relatedness to other leptospires are shown in Tables 2 and 3 .
Description of f eptospira genomospecies 1
Cells are Gram-negative, flexible and helical. Motile by means of two flagella (axial fibriles). Obligately aerobic and oxidase-positive. NaCl is not required for growth. No growth at 11 or 37 "C. Growth is inhibited by 8-azaguanine (225 pg ml-l), 2,6-diaminopurine (10 pg ml-l) and copper sulfate. Lipase is not produced. It contains serovars from serogroups Ranarum and an as yet undesignated serogroup. DNA G + C content is 39.8 mol %. The type strain is 79601T (= ATCC 700521T; serovar sichuan), isolated in China from a frog. The DNA relatedness relationships of the strains in the species and their relatedness to other leptospires are shown in Tables 2 and 3 .
Description of f eptospira genomospecies 3
Cells are Gram-negative, flexible and helical. Motile by means of two flagella (axial fibriles). Obligately aerobic and oxidase-positive. NaCl is not required for growth. No growth at 11 or 37 "C. Growth is inhibited by 8-azaguanine (225 pg ml-I), 2,6-diaminopurine (10 pg ml-l) and copper sulfate. Lipase is not produced. It contains serovars from an as yet undesignated serogroup. The type and only strain isolated to date, is WaZ HollandT (= ATCC 700522T; serovar holland), isolated from water in the Netherlands. DNA G + C content is 43.4 mol %. The DNA relatedness relationships to other leptospires are shown in Tables 2 and 3 .
Description of f eptospira genomospecies 4
Cells are Gram-negative, flexible and helical. Motile by means of two flagella (axial fibriles). Obligately aerobic and oxidase-positive. NaCl is not required for growth. No growth at 11 or 37 "C. Growth is inhibited in the presence of 2,6-diaminopurine (10 pg ml-l), but not by 8-azaguanine (225 pg ml-l) or copper sulfate. Lipase is not produced. It contains serovars from serogroup Icterohaemorrhagiae. The type and only strain isolated to date is H 2T (= ATCC 700639T; serovar hualin), isolated from an unknown source in China. DNA G + C content is 38.9 mol YO. The DNA relatedness relationships to other leptospires are shown in Tables 2 and 3 .
Description of f eptospira genomospecies 5
Cells are Gram-negative, flexible and helical. Motile by means of two flagella (axial fibriles). Obligately aerobic and oxidase-positive. NaCl is not required for growth. No growth at 11 or 37 "C. Growth is inhibited in the presence of 2,6-diaminopurine (10 pg ml-'), but not by 8-azaguanine (225 g ml-l) or copper sulfate. Lipase is not produced. It contains serovars from serogroup Semaranga. The type strain is Sao PauloT (= ATCC 700523T; serovar saopaulo), isolated in Brazil from water. DNA G + C content is 37.9 mol YO.
The DNA relatedness relationships to other leptospires are shown in Tables 2 and 3. 
